background: The aim of this retrospective study was to assess the value of maternal history and ultrasound scan findings at 6-10 weeks for predicting early miscarriage.
Introduction
Early pregnancy units (EPUs) have developed with the aim of providing a one-stop outpatient service to women with abdominal pain, vaginal bleeding or anxiety, as to the location and viability of their pregnancy (Bigrigg and Read, 1991; Edey et al., 2007; Condous, 2008) . In such EPUs the patients are examined both clinically and by pelvic ultrasound for prompt and accurate diagnosis of extrauterine and failed intrauterine pregnancy. However, in the majority of women there is a normal intrauterine pregnancy. In the presence of live embryos a series of measurements are taken, including embryonic crown-rump length (CRL), embryonic heart rate (HR), gestational sac diameter (GSD) and yolk sac diameter (YSD). Several studies involving a small number of patients have reported results which are contradictory concerning the value of these measurements in the prediction of subsequent miscarriage (Ferrazzi et al., 1988; Reece et al., 1988; Jauniaux et al., 1991; Nazari et al., 1991; Dickey et al., 1994a,b; Wisser et al., 1994; Ikegawa, 1995; Stampone et al., 1996; Reljic, 2001; Makrydimas et al., 2003; Chittacharoen and Herabutya, 2004) .
The aim of this large study is to compare HR, GSD and YSD corrected for CRL at 6-10 weeks in pregnancies resulting in miscarriage and those with normal live births, and develop a model combining maternal history with early ultrasound findings in the prediction of subsequent miscarriage.
Materials and Methods
At King's College Hospital, London there is an EPU which is freely accessible to pregnant women in our area. On arrival the demographic data and obstetric history are recorded in the EPU database and an ultrasound scan is carried out. Maternal characteristics recorded are age, racial origin (Caucasian, African, South Asian, East Asian and mixed), method of conception (spontaneous or assisted conception requiring IVF), cigarette smoking during pregnancy (yes or no) and parity (parous or & The Author 2011. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.
For Permissions, please email: journals.permissions@oup.com nulliparous if no delivery beyond 23 weeks). The menstrual cycle and date of the last menstrual period (LMP) are recorded and classified as a regular cycle of 26 -30 days with certain LMP, regular-uncertain, irregular-certain, unknown and conception within three cycles since a recent pregnancy or stopping the contraceptive pill. The indications for attending the EPU are classified as vaginal bleeding, abdominal pain, anxiety because of previous miscarriages or ectopic pregnancies and pregnancy dating. The objectives of the transvaginal ultrasound scan include the diagnosis of an intrauterine or extrauterine pregnancy and, where appropriate, recording of the number of live or dead embryos and measurement of embryonic CRL, embryonic HR, GSD and YSD. The ultrasound findings are also recorded in the EPU database. Pregnancy dating is based on the CRL of the live embryo (Papaioannou et al., 2010) . All scans for this study were performed by appropriately trained doctors using high-resolution ultrasound machines.
In pregnancies at ,7 weeks' gestation the embryonic crown and rump cannot be visualized and therefore the CRL was measured as the greatest length of the embryo. From 7 weeks onwards the CRL was measured in a sagittal section of the embryo with care being taken to avoid inclusion of the yolk sac (Robinson and Fleming, 1975) . The HR was calculated as beats per minute by the software of the ultrasound machine after measurement by electronic calipers of the distance between two heart waves on a frozen M-mode image (Schats et al., 1990) . The GSD was calculated as the average of three perpendicular diameters with the callipers placed at the inner edges of the trophoblast (Robinson, 1975) . The YSD was calculated as the average of three perpendicular diameters with the callipers placed at the centre of yolk sac wall (Jauniaux et al., 1991) .
Study population
We searched the EPU database to identify all women who attended the Unit on at least one occasion when the scan demonstrated a singleton pregnancy with a live embryo and on another occasion when the scan demonstrated a dead embryo or a complete or incomplete miscarriage. This constituted the miscarriage group.
We also searched the maternity database and merged this with the EPU database to identify women fulfilling the following criteria: first, scan in the EPU demonstrating a singleton pregnancy with a live embryo and measurements of embryonic CRL, HR, GSD and YSD ( Fig. 1) and secondly, live birth in our hospital after 36 completed weeks of gestation of a phenotypically normal neonate with birthweight above the 5th centile for gestational age (Poon et al., 2010a) . This constituted the normal outcome group and the data were used previously to establish reference ranges with gestation of CRL, HR, GSD and YSD (Papaioannou et al., 2010) .
If women had attended the EPU on more than one occasion, in both the miscarriage and normal outcome groups, we selected the earliest scan demonstrating a live embryo.
Literature search
A literature search was carried out to identify papers listed in the PubMed database on the relationship between early ultrasound measurements and miscarriage. The papers were then examined to identify those that fulfilled the following criteria: presence of a live embryo at the time of the scan, reporting of the method of calculating gestational age and outcome of either miscarriage or live birth. 
Statistical analysis

Results
The data search identified 729 patients fulfilling the entry criteria for the miscarriage group and 4698 for the normal outcome group. All patients (n ¼ 5427) were examined in the EPU between December 2002 and December 2009. For all patients, the reported menstrual cycle and LMP were regular cycle with certain LMP in 3212 (59.2%) cases, regular cycle with uncertain LMP in 621 (11.4%), irregular cycle with certain LMP in 574 (10.6%), unknown in 390 (7.2%) and Figure 1 Ultrasound pictures illustrating abnormal (a) and normal (b) yolk sac in two embryos with CRL of 2 mm (arrow).
conception within three cycles since a recent pregnancy or stopping the contraceptive pill in 630 (11.6%).
The patient characteristics of the miscarriage and normal outcome groups are compared in Table I . In the miscarriage group, the median maternal age was higher and the median gestational age at the time of the early pregnancy scan was lower than the normal outcome group, and there was also a higher prevalence of women of African racial origin, cigarette smokers and those with vaginal bleeding as the indication for the scan. In 618 (84.8%) of the 729 miscarriages the embryonic CRL at the time of the early pregnancy scan was ,12 mm.
In the miscarriage group, compared with the normal outcome group, the median HR and GSD were decreased and the median YSD was increased (Table II, . The median gestation at the first and second scans was 6.8 [interquartile range (IQR), 6.5 -7.3] weeks and 9.0 (IQR, 7.9 -10.9) weeks, respectively, and the median interval between the two scans was 14 (IQR, (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) days.
Performance of screening for miscarriage
Logistic regression analysis demonstrated that in the prediction of miscarriage there were significant contributions from embryonic CRL, delta HR, delta GSD, delta YSD, maternal age, smoking, African racial origin and vaginal bleeding (Table III) .
The area under the ROC curve (AUC) for the detection of miscarriage was 0.582 [95% confidence interval (CI) 0.569-0.595] for vaginal bleeding and was significantly improved by the addition of other maternal history factors (AUC 0.656; 95% CI 0.643 -0.668, P , 0.001) and this was significantly improved by the addition of ultrasound parameters (AUC 0.878; 95% CI 0.869-0.887, P , 0.001; Fig. 5 ). At false-positive rates of 5, 30 and 50% the respective detection rates of miscarriages in screening by vaginal bleeding were 8, 45, and 62%, in screening by maternal history factors, including vaginal bleeding were 13.9, 53.5 and 72.7% and in screening by a combination of maternal history and ultrasound findings these increased to 55. 
Literature search
Discussion
The findings of this study demonstrate that prediction of subsequent miscarriage in singleton pregnancies presenting with a live embryo is provided by a combination of maternal factors, including age, race, smoking, history of vaginal bleeding and the ultrasound measurements of CRL, HR, GSD and YSD. The limitations of the study are that our multivariate model was derived from data obtained retrospectively from an EPU and only those scans with a live embryo were included in the analysis, both in the miscarriage and normal outcome group. Consequently, the prediction model can be applied only to those pregnancies where the ultrasound examination demonstrates a live embryo. The accuracy of our model requires evaluation in prospective studies.
The association of increased risk of miscarriage with certain maternal characteristics is compatible with the results of previous studies. The increased risk with advancing maternal age (Gustavii, 1984; Nybo Anderson et al., 2000; Blohm et al., 2008) has been attributed to the increasing risk of aneuploidies (Lim and Tsakok, 1997; Martin, 2008) . There is also controversial evidence that with advancing maternal age there is a decline in progesterone support to the early pregnancy (Simpson, 2007) . In women of African racial origin the risk of miscarriage is 70% higher than in Caucasians and this may be a consequence of a genetically or environmentally driven implantationplacentation defect which may also be responsible for the increased risk of preterm delivery and pre-eclampsia in those women who do not miscarry (Ventura et al., 1999; Celik et al., 2008; Jenkins, 2008; Picklesimer, 2008; Bryant et al., 2010; Poon et al., 2010b) . Similarly, smoking is thought to produce a placentation defect with consequent increased risk of miscarriage, preterm delivery, placental abruption, fetal growth restriction and low-birthweight (Ness et al., 1999; Aliyu et al., 2010). Another factor that is associated with miscarriage is increased BMI (Metwally et al., 2008) but unfortunately this information was not available for all our cases and was therefore not included in the regression analysis.
The association between vaginal bleeding and subsequent miscarriage is not surprising because in many cases the blood loss is the consequence rather than the cause of the process of miscarriage. Some studies have reported that heavy bleeding is a more ominous sign for miscarriage than light blood loss (Strobino and Pantel-Silverman, 1987; Hasan et al., 2009 ). In our retrospective study, we could not investigate the degree or duration of bleeding because this information was not recorded in the database.
Previous studies have reported that a strong predictor of miscarriage is early onset fetal growth restriction (Reljic, 2001; Mukri et al., 2008) . However, such a diagnosis necessitates accurate dating of the pregnancy and, as demonstrated by findings in our population, in about 40% of cases the women are uncertain of their LMP, they have irregular menstrual cycles or they become pregnant soon after stopping the oral contraceptive pill or a recent pregnancy. Even in those with known LMP and regular cycles there is a discrepancy of more than 5 days in gestation calculated from the menstrual history and by ultrasound in about 25% of cases (Papaioannou et al., 2010) . Consequently, we adopted the pragmatic approach of dating pregnancies and interpreting all ultrasound findings according to the embryonic CRL.
In addition to maternal factors, significant prediction of subsequent miscarriage was provided by the ultrasound findings of low CRL, HR and GSD and high YSD. The results of our study involving more than 700 miscarriages are generally in agreement with ultrasound findings in previous small studies reporting on 8-76 cases (Table IV) . In about 85% of miscarriages the embryonic CRL at the time of the early pregnancy scan was ,12 mm. This reflects the inverse relationship between the rate of miscarriage and gestational age because the majority of embryonic deaths, either resulting from lethal abnormalities or placental failure, occur before the eighth week of pregnancy. Bradycardia with embryonic HR below the 5th centile was observed in about one quarter of our miscarriages and this may represent a preterminal finding. In previous studies the reported rate of bradycardia in pregnancies that subsequently miscarried was 27-93% (Wisser et al., 1994; Ikegawa, 1995; Makrydimas et al., 2003; Chittacharoen and Herabutya, 2004) .
In our study, in the miscarriage group the median GSD was reduced and it was below the 5th centile in about one quarter of the cases. This is similar to the findings of two previous studies (Dickey et al., 1994a; Makrydimas et al., 2003) but much lower than the incidence of 82% reported in a small study by Nazari et al., (1991) . Small GSD for CRL implies reduced amniotic and or celomic fluid and is likely to reflect impaired placentation.
The association between abnormal YSD and miscarriage is not surprising because the yolk sac is the primary source of exchange Delta GSD with Delta YSD 1.11 (1.08 -1.14) ,0.001
Prediction of miscarriage between the embryo and mother during the period of organogenesis and before the placental circulation is established. The YSD was above the 95th centile in about one fifth of our miscarriages, which was twice as common as most previous studies (Reece et al., 1988; Jauniaux et al., 1991; Makrydimas et al., 2003) but much lower than the rate of 69% reported by Stampone et al. (1996) . The discrepancies in results from different studies may be a consequence of the small number of cases examined but it may also be related to methodological differences in the measurement of YSD. In several studies no information was given regarding the placement of the calipers, which, if random, could have introduced a bias to their results (Ferrazzi et al., 1988; Reece et al., 1988; Makrydimas et al., 2003) . This is because the thickness of the yolk sac wall may vary with the use of image compounding, harmonics and gain setting therefore the calipers should be placed on the centre of the yolk sac wall and the measurement of YSD taken middle-to-middle (Papaioannou et al., 2010) . Four previous studies combined maternal history with ultrasound findings to predict miscarriage. Dickey et al., examined at 6-11 weeks a mixture of patients with known LMP or conception by IVF or use of ovulation induction drugs and developed two models for the prediction of miscarriage (Dickey et al., 1994a,b) . In the first study (Dickey et al., 1994a) involving 654 pregnancies, including 69 that subsequently miscarried, a combination of maternal age with GSD detected 64% of miscarriages at a false-positive rate of 36%. In the second study (Dickey et al., 1994b) involving 820 pregnancies, including 76 that subsequently miscarried, a combination of maternal age, history of the number of previous miscarriages and CRL detected 76% of miscarriages at a false-positive rate of 30%. Falco et al. examined 172 women with regular cycles and known LMP presenting with bleeding at 5-12 weeks and reported that at a false-positive rate of 30% they detected about 83% of the 23 miscarriages by an algorithm combining gestational age, history of bleeding, CRL, GSD and HR (Falco et al., 1996) . Choong et al. examined 301 pregnancies conceived by IVF and reported that, with an algorithm combining maternal age, gestational age, history of bleeding and the measurements of CRL, GSD and HR at 6-9 weeks, they could detect 87% of the 41 miscarriages at a false-positive rate of 30% (Choong et al., 2003) .
In our study, we used logistic regression analysis to investigate the value of a series of maternal characteristics and ultrasound findings to develop a model combining the parameters with a significant contribution to the prediction of miscarriage. It was estimated that an algorithm combining maternal age, racial origin, cigarette smoking, history of vaginal bleeding and the measurements of HR, GSD and YSD corrected for CRL could detect 86% of women that subsequently miscarry at a false-positive rate of 30%. This algorithm could be applicable to all pregnant women, irrespective of method of conception or history of menstrual cycles. Common indications for attending an EPU are vaginal bleeding or abdominal pain, pregnancy dating in women with irregular menstrual cycles or uncertain LMP, and diagnosis or exclusion of recurrence of miscarriage or ectopic pregnancy. In cases where the ultrasonographic examination demonstrates an intrauterine pregnancy with a live embryo the use of a model for estimating the patient-specific risk of subsequent miscarriage would be beneficial both in counselling the women and in planning their follow-up. Of note, the 30% false-positive rate necessary to achieve a detection of 86% of subsequent miscarriages is high and would result in increased anxiety for such patients, with possible adverse effects. However, this may be considered acceptable because the only necessary action in such high-risk cases is to perform a scan in the subsequent 1-2 weeks to reassess the viability and progress of their pregnancy. In contrast, women at low risk can be reassured that they may not require further investigations until 12 weeks when a routine scan is carried out for examination of the fetal anatomy and assessment of risk for aneuploidies.
